The fibroblast growth factor (vfgf) gene encoded by Autographa californica M nucleopolyhedrovirus (AcMNPV) has been shown to share functional properties with cellular fgfs; it is a secreted protein, binds heparin, and stimulates motility of insect cells. We previously reported that viruses containing or lacking vfgf produced similar yields of budded virus and had similar kinetics of viral DNA and protein syntheses in cultured cells. In this study, we characterized these viruses in two permissive hosts, Spodoptera frugiperda and Trichoplusia ni, using two insect developmental stages and two infection routes, by feeding and intrahemocoelic injection. In addition, we constructed an AcMNPV bacmid overexpressing vfgf under polyhedrin promoter control and characterized it in both cell culture and insects. Deletion of vfgf had no effect on the infectivity of AcMNPV. However, lack of vfgf delayed the time of death in two host species when the virus was delivered by feeding but not by intrahemocoelic injection. The virus overexpressing vfgf produced less budded virus than the control virus in cultured cells. In insect bioassays, the infectivity of this virus was greater than that of the parental virus in both insect species and significantly accelerated time of death of both hosts tested. Our results suggest that the AcMNPV vfgf may play a role in dissemination of virus infection from the midgut in the insect species tested.
Introduction
Fibroblast growth factors (FGFs) are encoded by multicellular organisms and coordinate programmed and, in some cases, unprogrammed branching of tubular organ networks in invertebrate and vertebrate (Park et al., 1998) animals. In Drosophila, the tracheal system arises from a set of epithelial cells per hemisegment by cell migration and cell shape alterations but excludes cell proliferation and death . The Drosophila FGF Branchless is secreted from nearby cells and activates the FGF receptor (FGFR) Breathless, a tyrosine kinase receptor expressed on tracheal cell branches, triggering the sprouting of tracheal branches by chemotaxis (Klambt et al., 1992; Reichman-Fried et al., 1994; Sutherland et al., 1996) . Branchless is involved in the formation of primary, secondary, and terminal branches but formation of the tracheal tree also involves the highly choreographed expression of other factors and activation of MAPK, Notch, Dpp, and Wingless signal transduction pathways (Chihara and Hayashi, 2000; Ikeya and Hayashi, 1999; Llimargas, 1999 Llimargas, , 2000 Steneberg et al., 1999) .
Thus far it appears that all baculoviruses examined to date that infect insects of the order Lepidoptera encode at least one fgf and establish a systemic infection. In contrast, none of the baculoviruses that infect insects in the orders Diptera and Hymenoptera, whose genomes have been sequenced to date, encode fgfs. Since baculoviruses that infect Diptera and Hymenoptera are limited to infection of midgut epithelial cells, we have previously proposed that one role of viral fgfs (vfgfs) may be to aid virus spread from the midgut to the hemocoel inducing terminal tracheal cells to migrate and become infected (Detvisitsakun et al., 2005) . Although a number of findings support this hypothesis, including infection of tracheolar cells servicing midgut epithelial cells (Engelhard Virology 365 (2007) 70 -78 www.elsevier.com/locate/yviro et al., 1994) , stimulation of cell motility (Detvisitsakun et al., 2005) , and FGFR activation and expression on lepidopteran tracheal cells (Katsuma et al., 2006a) , the specific role of vfgf in viral pathogenesis has not been defined. In the present study, we compared the lethality of viruses either encoding or lacking the Autographa californica M nucleopolyhedrovirus (AcMNPV) fgf in two insect species infected by either the natural infection route (by feeding) or by intrahemocoelic injection. Our results indicate that vfgf accelerates host lethality in both Spodoptera frugiperda-and Trichoplusia ni-infected larvae but had no effect on the dose of virus required to kill the hosts. Finally, we characterized a virus overexpressing vfgf at very late times during infection and found that this virus caused accelerated host death and had increased lethality.
Results
We previously constructed three bacmids of AcMNPV; AcBAC, which encodes vfgf, AcBAC-vfgfKO, which lacks vfgf, and AcBAC-vfgfRep, which introduces vfgf at a different locus into AcBAC-vfgfKO, and characterized the viruses in cell culture (Detvisitsakun et al., 2006) . In the present study, we report the construction and characterization of AcBACpolhvfgf, a virus overexpressing vfgf under polyhedrin promoter control. Since infection of cultured cells with viruses lacking vfgf did not have an obvious phenotype, we hypothesized that overexpression of vfgf may amplify any subtle phenotype(s) conveyed by the presence of vfgf.
Construction of AcMNPV overexpressing vfgf
The transfer vector pFastBac-polh+gfp+vfgfHAHIS, containing vfgf with a C-terminal influenza hemagglutinin (HA) and polyhistidine tags under polyhedrin (polh) promoter control, the polh gene under control of its native promoter, and the enhanced green fluorescent protein (egfp) under the Drosophila heat shock protein (hsp) 70 promoter, was used with AcMNPV DNA and Tn7-mediated transposition to insert these genes at the polh locus to make the recombinant virus AcBAC-polhvfgf (Fig. 1A ). The egfp and polh genes were integrated into the viral genome as previously described for AcBAC-vfgfKO, AcBAC, and AcBAC-vfgfRep (Detvisitsakun et al., 2006) . AcBAC-polhvfgf also retained vfgf at its native locus to control for any effects due to lack of expression of vfgf at early times post infection (p.i.). The correct incorporation of vfgf, egfp, and polh at the polh locus was verified by polymerase chain reaction (PCR) amplification using primers outside (M13 Forward and M13 Reverse) and inside (P1 to P4) the transposition locus ( Fig. 1B) .
AcBAC-polhvfgf growth curves
A multiple-step growth curve was performed by infecting SF-21 and TN-368 cells with AcBAC or AcBAC-polhvfgf at a multiplicity of infection (MOI) of 0.01 plaque forming units (PFU)/cell and the virus titer was determined by TCID 50 . In both SF-21 and TN-368 cells, AcBAC-polhvfgf exhibited a slight but consistent decrease in the production of budded virus throughout the time course of infection compared to AcBAC ( Figs. 2A and B ). Notably, reduction in AcBAC-polhvfgf titer was more obvious in infected TN-368 cells at later times p.i., where budded virus production normally plateaus ( Fig. 2B) .
We next performed a single-step virus growth curve of AcBAC and AcBAC-polhvfgf in TN-368 cells at an MOI of 5 PFU/cell. Similar to results obtained from multiple-step growth curves, AcBAC-polhvfgf budded virus yields were lower than those from AcBAC at all time points tested (Fig.  2C) ; however, the difference was more prominent in this assay. We monitored vFGF production by immunoblotting using anti-HA antibody in AcBAC-polhvfgf-infected TN-368 cells at an AcBAC-polhvfgf DNA was used with the oligonucleotide primers indicated at the bottom of the lanes whose approximate binding location is shown in panel A. The products were resolved by agarose gel electrophoresis and their size was determined relative to the migration of DNA markers, shown to the left in kilobasepairs (kbp). MOI of 5 PFU/cell at 12, 24 and 48 h p.i. vFGF was observed at 12 h p.i. and increased through 48 h p.i. (Fig. 2D ). We did not perform single-step virus growth curves in SF-21 cells since high titer yields of AcBAC-polhvfgf were difficult to obtain to infect this cell line adequately. These results suggest that overexpression of vfgf at very late times p.i. leads to a defect in budded virus production in cell culture. We noticed that infection of either SF-21 or TN-368 cells with AcBACpolhvfgf caused increased cell detachment. These results raised the possibility that lower yields of AcBAC-polhvfgf budded virus production were related to reduced cell viability.
Viability of cells infected with AcBAC-polhvfgf
To determine whether reduced budded virus production from AcBAC-polhvfgf was related to decreased cell viability, we infected TN-368 cells with either AcBAC-polhvfgf or AcBAC at an MOI of 5 PFU/cell and determined cell viability at different times p.i. by measuring ATP production in viable cells using CellTiter-Glo. TN-368 cells infected with AcBACpolhvfgf showed a reduction of viable cells compared to AcBAC-infected cells after 24 h p.i. (Fig. 3) . Thus, the reduction in AcBAC-polhvfgf budded virus production can be in part attributed to a reduced number of cells able to sustain budded virus production as infection progresses. The effects may be apparent prior to overexpression of vfgf from the polh promoter, since the virus inoculum contains secreted vfgf produced when the virus was propagated to obtain a virus stock. We do not know why overexpression of vfgf results in this phenotype, but as a signal transduction molecule, it may be altering cell homeostasis.
Insect bioassays
Previous studies indicated that AcBAC-vfgfKO did not have any obvious defects in budded virus production, viral DNA synthesis, or protein production in cultured cells compared to AcBAC-vfgfRep (Detvisitsakun et al., 2006) . Given the hypothesized role of vfgf in infectivity (Detvisitsakun et al., 2005) , we thought that its function may be more evident during infection of insects. Thus, in this study we performed bioassays to determine the infectivity of AcBAC-vfgfKO, AcBAC-vfgfRep, AcBAC, and AcBAC-polhvfgf during infection by the natural route, per os, or by intrahemocoelic injection in two host species, T. ni and S. frugiperda.
Dose-mortality response of T. ni neonates and 4th instar larvae and S. frugiperda neonates by per os infection
We determined the oral infectivity of the four viruses on neonates of T. ni and S. frugiperda using diet contaminated with selected concentrations of occlusion bodies (OBs). The concentration of virus lethal to 50% of the tested insects (LC 50 ) of AcBAC-vfgfKO (8.9 × 10 3 OBs/ml), AcBAC-vfgfRep (7.2 × 10 3 OBs/ml), and AcBAC (8.8 × 10 3 OBs/ml) in T. ni neonates was comparable among the three viruses.
However, AcBAC-polhvfgf had noticeably higher infectivity, where the LC 50 (4.4 × 10 3 OBs/ml) was between 1.6-and 2.0fold lower than that of the other viruses and significantly different to that of its parental virus, AcBAC (Table 1) . These results suggest that the absence of vfgf does not affect the LC 50 of virus in orally infected T. ni neonates, a highly susceptible species for AcMNPV infection, but that expression of vfgf from the polh promoter increased virus infectivity compared to that of AcBAC.
We also performed per os bioassays in S. frugiperda neonates, by comparing AcBAC-vfgfKO to AcBAC-vfgfRep and AcBAC to AcBAC-polh-vfgf. In S. frugiperda neonates, the LC 50 of AcBAC-vfgfKO (7.5 × 10 5 OBs/ml) was approximately 1.6-fold higher than that of AcBAC-vfgfRep (4.7 × 10 5 OBs/ml), although these numbers had overlapping 95% fiducial limits (Table 1 ). In a separate experiment, we compared the infectivity of AcBAC-polhvfgf and AcBAC in orally infected S. frugiperda neonates. The LC 50 of AcBAC-polhvfgf (1.3 × 10 4 OBs/ml) was more than 10-fold lower than that of AcBAC (1.6 × 10 5 OBs/ml) (Table 1) . Thus, the LC 50 of AcBAC-polhvfgf was significantly lower than that of AcBAC in both S. frugiperda and T. ni larvae; however, the difference was more pronounced in S. frugiperda, probably because S. frugiperda is less susceptible to AcMNPV infection than T. ni. Similarly, no significant differences were observed in per os infectivity in T. ni or S. frugiperda neonates infected with AcBAC-vfgfKO or AcBAC-vfgfRep, but the difference was slightly larger (1.6-vs. 1.2-fold) in S. frugiperda. These slight differences suggest that the role of vfgf in infectivity may be more apparent when tested in some hosts, especially more resistant species.
The lethal doses required to kill half of the insects tested (LD 50 values) of AcBAC-vfgfKO (50 OBs) and AcBAC (49 OBs) were similar when viruses were fed to 4th instar T. ni larvae, while the LD 50 of AcBAC-polhvfgf was only 14 OBs (Table 1) . These results are in agreement with T. ni neonate experiments in which the LC 50 between AcBAC-vfgfKO and AcBAC-vfgfRep was not significantly different and that between AcBAC-polhvfgf and AcBAC was significantly different. It is possible that the effects of vfgf may be more evident at different larval developmental stages. Nevertheless, vfgf is dispensable for infectivity at either larval stage tested in these two species.
Dose-mortality response of last instar T. ni and penultimate instar S. frugiperda by intrahemocoelic injection
The infectivity of budded virus was assessed by intrahemocoelic injection of last instar (5th instar) T. ni and penultimate instar (5th instar) S. frugiperda. In T. ni, we found that the LD 50 was comparable among the three viruses, AcBAC-vfgfKO (1.6 × 10 0 PFU), AcBAC-vfgfRep (6.9 × 10 − 1 PFU), and AcBAC (9.1 × 10 − 1 PFU), but, AcBAC-polhvfgf was more infectious, requiring only 6.8 × 10 − 3 PFU to kill 50% of the T. ni larvae tested (Table 2) . This LD 50 is more than 100 times lower than that of the virus encoding vfgf and 235 times lower than that of AcBAC-vfgfKO. Likewise, injection of penultimate instar S. frugiperda revealed no significant differences in the LD 50 among AcBAC-vfgfKO (2.9 × 10 − 2 PFU), AcBAC-vfgfRep (2.4 × 10 − 2 PFU), and AcBAC (2.1 × 10 − 2 PFU), but, in contrast to experiments with T. ni, the LD 50 of AcBAC-polhvfgf (4.0 × 10 − 3 PFU) was only 5-to 7-fold lower than that of the other viruses and not significantly different to its parent virus (Table 2 ). These results suggest that although vfgf was not required for the infectivity of budded virus during infection in either T. ni or S. frugiperda late instar larvae, it may have subtle advantageous effects only apparent with the virus overexpressing vfgf. However, alternative possibilities, as discussed below, may also play a role in the manifestation of this phenotype.
The species-specific effects in per os and intrahemocoelic infection of T. ni and S. frugiperda with AcBAC-polhvfgf appear to be in contrast. That is, we have a lower LC 50 with AcBAC-polhvfgf in feeding experiments of S. frugiperda neonates (10-fold) than with T. ni neonates (2-fold; Table 1) ; but the reverse relationship is true in intrahemocoelic infections, where we have a lower LD 50 with T. ni (134-fold) than with S. frugiperda (5-fold; Table 2 ). This may be attributable to differences in susceptibility and pathogenesis or innate immunity of T. ni and S. frugiperda. For instance, the infection pattern of hemocytes in these two species is different; T. ni hemocytes are more readily infected by AcMNPV than S. frugiperda hemocytes (Barrett et al., 1998; Clarke and Clem, 2002) .
Time-mortality response of T. ni neonates and 4th instar larvae and S. frugiperda neonates by per os infection
We determined the lethal time necessary to kill 50% of the insects tested (LT 50 ) for orally fed T. ni neonates using an OB concentration sufficient to kill over 95% of the insects (Table 3) . AcBAC-vfgfKO had an LT 50 (107.1 h) that corresponded to a significant delay of 11 h compared to AcBAC-vfgfRep (96.1 h) and AcBAC (96.1 h). In contrast, AcBAC-polhvfgf (85.6 h) accelerated host death by 10.5 h compared to viruses expressing vfgf and 21.5 h compared to AcBAC-vfgfKO.
Similar results were observed in S. frugiperda neonates, where neonate larvae were killed approximately 10.4 h slower by AcBAC-vfgfKO (93.1 h) but 6.1 h faster by AcBACpolhvfgf (76.6 h) as compared to AcBAC-vfgfRep (82.7 h; Table 3 ). Although the differences in S. frugiperda neonates were not as different as those with T. ni neonates, the same trend is observed with both insect species. More importantly, the slope of the data for AcBAC-vfgfRep is less steep compared to that of AcBAC-vfgfKO, suggesting more variability in the AcBAC-vfgfRep samples. However, there is a marked difference between the LT 50 of S. frugiperda neonates infected with AcBAC-vfgfKO (93.1 h) and AcBAC-polhvfgf (76.6 h; Table  3 ). Different developmental stages and hosts may have different responsiveness for the presence or lack of vFGF. 
Intrahemocoelic injection
Last instar T. ni AcBAC-vfgfKO 1.6 × 10 0 7.9 × 10 − 1 3.0 × 10 0 1.28 ± 0.26 AcBAC-vfgfRep 6.9 × 10 − 1 3.3 × 10 − 1 1.2 × 10 0 1.67 ± 0.33 AcBAC 9.1 × 10 − 1 5.6 × 10 − 1 1.5 × 10 0 2.40 ± 0.46 AcBAC-polhvfgf 6.8 × 10 − 3 3.4 × 10 −3 1.1 × 10 − 2 1.69 ± 0.35
Penultimate instar S. frugiperda AcBAC-vfgfKO 2.9 × 10 − 2 1.1 × 10 − 2 6.6 × 10 − 2 0.86 ± 0.17 AcBAC-vfgfRep 2.4 × 10 − 2 8.0 × 10 − 3 5.8 × 10 − 2 0.76 ± 0.16 AcBAC 2.1 × 10 − 2 7.0 × 10 − 3 5.0 × 10 − 2 0.77 ± 0.15 AcBAC-polhvfgf 4.0 × 10 − 3 1.0 × 10 − 3 8.0 × 10 − 3 1.23 ± 0.33 ⁎ SE, standard error.
AcBAC-vfgfKO-fed 4th instar T. ni larvae (96.9 h) showed a significantly different delay in LT 50 of 10.3 h compared to AcBAC-infected insects (86.6 h; Table 3 ). This difference was magnified to 17.6 h when vfgf was overexpressed in AcBAC-polhvfgf (69.0 h) compared to that with AcBAC (86.6 h), resulting in a net significant difference of 27.9 h between AcBAC-polhvfgf and AcBAC-vfgfKO. These results highlight a role of vfgf in accelerating host mortality in orally infected T. ni and S. frugiperda.
Time-mortality response of last instar T. ni and penultimate instar S. frugiperda by intrahemocoelic injection
To evaluate whether vfgf had an effect on the time of insect death when the virus was administered by intrahemocoelic injection, the LT 50 was determined from the dose of budded virus that killed more than 95% of the larvae. In T. ni, the LT 50 of AcBAC-vfgfKO (95.8 h), AcBAC-vfgfRep (97.9 h), and AcBAC (101.4 h) were not significantly different, but, interestingly, AcBAC-polhvfgf markedly shortened the time of death by 23.6 h (77.8 h; Table 4 ). Similarly, the LT 50 of AcBAC-vfgfKO (148.1 h), , and AcBAC (142.2 h) injected into S. frugiperda penultimate instar larvae were similar, while that of AcBAC-polhvfgf (113.8 h) was reduced by 28.4 h (Table 4 ).
In summary, no significant differences in infectivity were observed between AcBAC-vfgfKO and AcBAC-vfgfRep in Fig. 4 . Cuticular melanization of AcBAC-or AcBAC-polhvfgf-infected larvae. T. ni at 4th instar were left untreated or infected with 100 PFU of AcBAC or AcBACpolhvfgf by intrahemocoelic injection. Insects were photographed every 24 h post infection as indicated. two species infected by feeding or intrahemocoelically. However, a virus with an altered expression pattern and levels of vfgf, AcBAC-polhvfgf, exhibited increased infectivity in most cases. Differences between AcBAC-vfgfKO and AcBAC-vfgfRep were more obvious in time-mortality responses when insects were infected per os, while time-mortality effects with AcBACpolhvfgf were obvious in most per os and intrahemocoelic infections. These results suggest that vFGF may affect the process of virus dissemination that leads to the rapid death of the hosts, but the effects differ depending on virus delivery route and host species.
Infection of T. ni larvae with AcBAC-polhvfgf causes rapid larvae cuticular melanization
Fourth instar T. ni larvae were untreated or infected by intrahemocoelic injection with 100 PFU of AcBAC or AcBAC-polhvfgf, and larvae were monitored and photographed at 24-h intervals. AcBAC-polhvfgf-and AcBACinfected insects showed no signs of melanization from 24 to 72 h p.i. (Fig. 4) . At 72 h p.i. the uninfected insects began to form pupae. In contrast, at 90 h p.i., AcBAC-polhvfgf-infected insects showed signs of melanization, as indicated by either multiple regions of dark pigmentation or, more often, completely melanized insects (Fig. 4) . However, AcBACinfected insects did not exhibit this drastic melanization but some melanization did occur when insects were examined at 114 h p.i. (results not shown).
Discussion
We previously proposed that vFGF functions as a chemoattractant, drawing uninfected cells such as hemocytes and/or tracheal epithelial cells to infected cells and thereby enhancing propagation of the virus systemically (Detvisitsakun et al., 2005) . Recently, the Bombyx mori NPV fgf was also shown to possess chemoattracting properties (Katsuma et al., 2006a) , further validating this activity in another vFGF.
In this study, we found that AcMNPV FGF is necessary for accelerating the time of death of orally infected insect hosts (Table 3) but not intrahemocoelically infected hosts (Table 4 ). The requirement for vfgf in AcBAC-vfgfKO-orally infected insects was apparent in both species tested and in the first and fourth instars of T. ni (Table 3 ). In these cases vfgf decreased the time of host death by over 10 h. Given that all viruses that infect Lepidoptera encode vfgf, it is possible that vfgf has been conserved due to a role in accelerating the speed of infection in different hosts, but this remains to be shown. In comparison, vfgf did not have any LT 50 effects in either T. ni or S. frugiperda infected intrahemocoelically (Table 4) . Although effects may be apparent at other instars of these species that were not tested or in other insect species, an alternative explanation is that the role of vfgf is to aid in virus spread from the primary site of infection, the midgut, to other tissues.
We did not observe that deletion of vfgf had any significant effect on the dose of virus required for host mortality in either per os or intrahemocoelic infections (Tables 1 and 2) . Thus, the presence or absence of vfgf did not significantly affect the infectivity of the virus, only the timing of host mortality. Although not significantly different, there was a consistent trend for higher LD 50 or LC 50 for AcBAC-vfgfKO than for AcBAC-vfgfRep. Perhaps these slight differences have broader implications in a natural setting where a host may have acquired some resistance to pathogens and other parameters are at play.
In contrast, deletion of the BmNPV vfgf resulted in a death time delay by both per os and intrahemocoelic infection (Katsuma et al., 2006b) . Given these and our results in two insect species, it is possible the effects of vfgf are more obvious during infection of some species and more apparent at specific stages of insect development. Also, the extent of these effects may differ depending on the route of virus infection. Lack of AcMNPV vfgf resulted in a time mortality defect, but vfgf was not required for virus infection. Thus, it appears that the presence of vfgf accelerates virus lethality, but it is not required in the hosts and larval stages tested.
Expression of vfgf from the polh promoter accentuated the effects of vfgf in both insect species, at different larval instars tested, and by both routes of virus administration. Infection with AcBAC-polhvfgf led to a dramatic decrease in LT 50 and an increase in infectivity. The fact that less AcBAC-polhvfgf was required to obtain a foothold of infection in midgut cells may be explained by the ability of this virus to escape more efficiently from the midgut. In contrast, AcBAC-vfgfKO and AcBAC-vfgfRep established primary infection at comparable levels, but AcBAC-vfgfKO had slower host mortality times.
The phenotype of AcBAC-polhvfgf may be an exaggeration of the effects of vfgf, magnifying the slight differences we saw in intrahemocoelic infections and in dose mortality bioassays using AcBAC-vfgfKO. We do not know whether the AcBAC-polhvfgf phenotype is due to overexpression of vfgf, expression of this signaling molecule at very late times, or a combination of both; although the requirement for the expression of vfgf at early times p.i. was preserved in AcBAC-polhvfgf, since the gene at its locus was unaltered. However, other possibilities for the striking phenotype of AcBAC-polhvfgf are also plausible. Given the available data, we favor the possibility that high concentrations of vFGF may to be toxic to cells, and over production of this factor may cause host death by a mechanism that does not reflect its normal role during virus infection. This is supported by the low yields of the AcBAC-polhvfgf in cultured cells, cytopathic effects observed in vitro (e.g., reduced cell attachment), and the rapid induction of host native immunity (melanization). Regardless of the mechanism involved, the virulent phenotype of AcBAC-polhvfgf makes it an attractive candidate for biological pest control.
Materials and methods

Cells, viruses, and insects
The cell line IPLB-SF-21 (SF-21) (Vaughn et al., 1977) derived from the fall armyworm, S. frugiperda, and TN-368 cells (Hink, 1970) derived from the cabbage looper, T. ni, were maintained in TC-100 medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 0.26% tryptose broth as described previously (O'Reilly et al., 1994) .
Bacmids AcBAC, AcBAC-vfgfKO, and AcBAC-vfgfRep have been previously described (Detvisitsakun et al., 2006) . Viruses were titered in both TN-368 and SF-21 cells. Titers determined in TN-368 cells were used in infections of both TN-368 cells and T. ni larvae, while titers determined in SF-21 cells were used in infections of both SF-21 cells and S. frugiperda larvae. The construction of AcBAC-polhvfgf is described below.
T. ni and S. frugiperda eggs were purchased from Entopath Inc. (Easton, PA) and Benzon Research (Carlisle, PA), respectively. After hatching, larvae were reared in a 27°C chamber with a 12 h/12 h light/dark cycle.
Transfer vector construction
We constructed a transfer vector to generate a recombinant of AcMNPV expressing vfgf under polh promoter control. First, pHSFGFHA, containing vfgf under the hsp70 promoter (Detvisitsakun et al., 2005) and oligonucleotides (NdeI-F 5′-GGAATTCCATATGTATCGCTTGCTGGCAC-3′ and XhoI-R 5′-GTCCCAGATTACGCCCTCGAGGCC-3′) were used to amplify the vfgf open reading frame with the HA-epitope tag at the C-terminus. The amplified product was then digested with NdeI and XhoI and cloned into an intermediate vector, pet23a (Novagen), also digested with the same restriction enzymes to generate pet23a-vfgfHAHIS. This vector contains vfgf tailed with HA and 6X-histidine (HIS) tags. Subsequently, the primers, Xbafgf (5′-GCATCTCTAGAGTTAGCAGCCGGATCT-CAGT-3′) and Bglfgf (5′-GCTGACTAGATCTTATGTAT-CGCTTGCTGGCAC-3′) were used to amplify the fragment from pet23a-vfgfHAHIS by PCR. The PCR product containing vfgf with HA and HIS tags (vfgfHAHIS) was then cut with XbaI and BglII and cloned into pGL3 Basic-polhpr, a plasmid containing the luciferase gene under polh promoter and an SV40 polyadenylation sequences, and used to replace the luciferase gene for the doubly tagged vfgf to generate pGL3Basic-polhpr-vfgfHAHIS. Finally, pGL3Basic-polhpr-vfgfHAHIS was cut with BamHI and SacI to release the vfgfHAHIS along with the polh promoter and SV40 polyadenylation sequence. The fragment was blunted with T4 DNA polymerase and ligated into pFastBac-polh + gfp+ (Detvisitsakun et al., 2006) , previously digested with SacI and blunted with T4 DNA polymerase to generate pFastBac−polh+gfp+ vfgfHAHIS. The sequence of vfgfHAHIS was verified by nucleotide sequencing.
Construction of AcBAC-polhvfgf
AcMNPV expressing vfgf under polh promoter was generated by Tn7-mediated transposition in which pFast-Bac−polh+gfp+vfgfHAHIS was co-transformed with MAX DH10Bac Efficiency competent E. coli (Invitrogen). Transformed cells were incubated for 4 h at 37°C and plated on Luria-Bertani agar containing 50 μg/ml kanamycin, 7 μg/ml gentamicin, 10 μg/ml tetracycline, 100 μg/ml 5-bromo-4-chloro-3-indoxyl-beta-D-galactopyranoside, and 40 μg/ml isopropyl-1-thio-β-D-galactoside as directed in the Bac-to-Bac Baculovirus Expression System Manual (Invitrogen). White colonies resistant to kanamycin and gentamicin were selected and the transposition event was verified by PCR analysis. Budded virus was then produced by transfection of bacmid DNA into SF-21 cells by liposome-mediated transfection as previously described (Crouch and Passarelli, 2002) .
Virus growth curves and cell viability assays SF-21 cells were infected at an MOI of 5 or 0.01 PFU/cell with AcBAC-polhvfgf or AcBAC. Budded virus was collected at different times p.i. and the titers were determined by TCID 50 (O'Reilly et al., 1994) . To determine cell viability, CellTiter-Glo substrate-enzyme solution (Promega) was added in a 1:1 v/v ratio to infected cells at different times p.i. CellTiter-Glo and cells were mixed on a shaking platform for 2 minutes, incubated for 10 minutes at room temperature, and luminescence was measured in a Wallac Victor 3 1420 Multilabel counter (Perkin-Elmer).
Immunoblotting TN-368 cells (1 × 10 6 ) were infected at an MOI of 5 PFU/cell with AcBAC-polhvfgf. At several times p.i., cells were collected in 100 μl of Laemeli loading buffer. Proteins were resolved in a sodium dodecyl sulfate-polyacrylamide gel, transferred to a PVDF membrane, and detected using 1:2000 dilution of anti-HA.11 antibody (Covance), 1:3000 dilution of goat anti-mouse IgG-horseradish peroxidase (Bio-Rad) and SuperSignal West Pico Chemiluminescent substrate (Pierce).
Bioassays in T. ni and S. frugiperda neonates T. ni and S. frugiperda neonates (within 24 h after hatching) were transferred to diet contaminated with OBs. OBs from four viruses, AcBAC-vfgfKO, AcBAC, AcBAC-vfgfRep and AcBAC-polhvfgf, were obtained from per os-infected T. ni cadavers. OBs were purified (O'Reilly et al., 1994) , resuspended in water, and vortexed for 2 h to dissociate clumps. Concentrations of OBs at 1.3 × 10 3 , 4.0×10 3 , 1.2×10 4 , 3.6 × 10 4 , and 1.1 × 10 5 OBs/ml or 4 × 10 5 , 1.6 × 10 6 , 6.4 × 10 6 , and 2.6 × 10 7 OBs/ml in the diet of T. ni or S. frugiperda neonates, respectively, were used. After insects fed on contaminated diet for 24 h, neonates were individually transferred into 1-oz plastic cups containing uncontaminated diet. Mortality was recorded at different time points by scoring the number of dead insects which had no response to touch. The LD 50 and LT 50 in this and other bioassays was determined using probit analysis (SAS Institute, 2004) .
Bioassays using 4th instar T. ni infected per os
Early 4th instar T. ni, within 2 h after molting into 4th instar, were fed with a small cube (∼ 0.4 cm 3 ) of diet containing different doses of OBs (50, 150, 450, 1350, and 4050 OBs).
Larvae that consumed all the contaminated diet overnight were then fed with uncontaminated diet and kept in the incubator until death or pupation. Mortality was scored at 12-h intervals.
Bioassays in late instar larvae by intrahemocoelic injection
Early 5th instar T. ni were injected intrahemocoelically between the first pair of prolegs at the third abdominal segment with different doses of budded virus as follows: 0.357, 3.57, and 17.85 PFU for AcBAC-vfgfKO and AcBAC-vfgfRep and 0.00357, 0.0357, 0.357, 3.57, and 17.85 PFU for AcBAC and AcBAC-polhvfgf (assessed from TCID 50 in TN-368 cells). The penultimate instar larvae of S. frugiperda were injected with 0.002, 0.02, 0.2, and 2 PFU, according to the titer determined by TCID 50 in SF-21 cells. Death or pupation were recorded every 12 h.
